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The  behaviour  and  molecular  structure  of  three  organic  additives  adsorbed  from  oil onto  a  copper  surface
rich  in  copper  (II)  oxide  is presented.  The  variation  in the  ability  of  these  three  agents  to prevent  corrosion
of the copper  oxide  surface  by  exposure  to sulphur  is also  included.  A  combination  of visible  observations,
X-ray  photoelectron  spectroscopy  (XPS)  and  neutron  reﬂection  (NR)  are  used to  characterise  both  the
adsorbed  layer  and  underlying  copper  oxide.  The  model  additives  are  chosen  to  represent  ‘effective’,eywords:
. Copper
. Organic coatings
. XPS
.  Oxidation
. Oxide coatings
‘intermediate’  and  ‘ineffective’  inhibitors  for  copper.
©  2016  The  Authors.  Published  by  Elsevier  Ltd.  This  is  an  open  access  article  under the  CC  BY license
(http://creativecommons.org/licenses/by/4.0/).. Introduction
Corrosion of copper in oil is an expensive industrial problem,
articularly in transformers (or bearings) resulting in failures. This
amage can occur through dissolved oxygen (or air) [1] or corro-
ive sulphur species [2,3]. Several types of sulphur chemical groups
re present within crude oil, some of which are reactive towards
opper. In general, it is found that thiols and elemental sulphur
re worst for corrosion, with the possibility that other species can
ecome activated. For example, copper itself can break down disul-
hide species (such as dibenzyldisulphide, DBDS) into corrosive
omponents in transformer oils through cleavage of the SS bond
4]. In contrast, di-sulphur species can scavenge active elemental
ulphur in the system through formation of poly-S chains prevent-
ng corrosion, which is not observed without a pre-existing SS bond
5].Please cite this article in press as: R.J.L. Welbourn, et al., Corrosion and 
investigated using neutron reﬂectometry and XPS, Corros. Sci. (2016), 
The total removal of sulphur from oil is a non-trivial task,
o corrosion inhibitors are often employed within the oil mix-
ure to protect the surface. These are generally organic additives.
∗ Corresponding author. Present address: ISIS Neutron and Muon Source, STFC,
arwell Oxford, UK.
E-mail address: becky.welbourn@stfc.ac.uk (R.J.L. Welbourn).
ttp://dx.doi.org/10.1016/j.corsci.2016.11.010
010-938X/© 2016 The Authors. Published by Elsevier Ltd. This is an open access article uThese additives are generally reported to work through forma-
tion of a physical barrier on the surface but can also be used to
induce a protective oxide layer or to remove corrosive compo-
nents through solution reactions [6]. The inhibitor molecules are
proposed to bind to the copper surface through the polar portion
of the molecule. Therefore the chemical nature of this group can
help determine the inhibition ability of an additive. Understand-
ing trends in the adsorption and protection behaviour of different
groups can allow development of system-speciﬁc additives. For
example, if the bound species remain on the surface at equilibrium
they may  form a protective barrier between the metal and solution.
However, if the species are unstable on the surface either the Cu-
Ligand bond or the CuCu bond to the bulk copper must be broken.
Both of these will expose fresh metal surface, allowing further reac-
tion. The relative bond strengths will determine which bond breaks
during this process and how easily corrosion can occur. For charged
ligands, the effect on the metal work function has also been shown
to be important [7] (i.e. the preference of the electron for the ligand
vs. the metal surface).
There has been signiﬁcant work on the corrosion behaviour
of copper in aqueous conditions, with the best inhibitors con-inhibition of copper in hydrocarbon solution on a molecular level
http://dx.doi.org/10.1016/j.corsci.2016.11.010
taining heteroatoms, such as N, S and P, which chemisorb to
surface Cu atoms. In contrast, there has been signiﬁcantly less
work carried out into the corrosion behaviour of copper in oil.
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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raditionally these have been tested by industry using simple
trip tests which consider colour changes and weight losses [2,8].
hese tests only provide evidence of physical changes rather than
hemical information and cannot differentiate mass changes from
dsorption and dissolution. More recently additional techniques
uch as X-ray photoelectron spectroscopy (XPS), scanning electron
icroscopy (SEM), secondary-ion mass spectrometry and attenu-
ted total internal reﬂection IR (ATR–IR) have been used to monitor
he chemical changes, which have provided a greater chemical
nderstanding of the corrosion process [4,9–11].
The additives considered within oil are very similar to those
n aqueous conditions, with heteroatoms also reported to pro-
ide the best surface binding. The adsorption of oxygen-containing
pecies onto copper has shown varying behaviour. Organic acids
n benzene give a blue solution indicative of copper dissolution,
hereas alcohols and esters appear to just show adsorption [12].
alantar et al. have similarly found that organic acids increase cop-
er dissolution in a poly-alpha-oleﬁn and reﬁned naphthenic oil.
owever they do ﬁnd some variation with molecular weight. They
lso ﬁnd that N-containing species show slight inhibition [13]. The
ri-nitrogen species Irgamet 39TM (1-[N,N-bis-(2-ethylhexyl)-AR-
ethyl]-benzotriazole-1-methanamine) is often used in additive
ixtures and is found to chemically bind to the copper surface
hrough N, losing the long alkyl chain on adsorption to bind as
enzotriazole (BTA), providing effective inhibition properties in
ransformer oil [4,9,11].
The initial binding is found to vary depending on the nature of
he surface. For example a dithiophosphate additive forms multi-
ayers on copper metal, but only a monolayer on Cu2O [14], whereas
he N-based BTA forms a thicker layer on the oxide surface, which
ecomes thicker as the oxide layer becomes thicker [15]. The native
xide on copper generally consists of a mixture of both Cu(I) and
u(II) oxides. Therefore the inhibition of both of these states is
mportant in the corrosion protection of the system.
Clearly the corrosion process is a complex balance of the metal
urface, the nature of the oil and the presence of any organic or
norganic additives in the solution. In this work, the system is
roken down to consider the corrosion behaviour on an oxidised
opper substrate (Cu(II)), with the adsorption onto Cu(I) being the
ocus of a future study. Two model inhibitors are used – an organic
mine and thiol, with elemental sulphur as the active species. These
hould provide a cross-section of additive behaviour, with amine
xpected to be an effective inhibitor and thiol corrosive. The alkyl
hain length and saturation, as well as the temperature and nature
f the oil were kept constant to focus on the effect of the polar
inding group.
To characterise these systems a combination of approaches was
sed: coupon tests to observe visible differences were combined
ith XPS (to monitor changes in the surface environments) and
eutron reﬂection (NR). NR can probe the adsorption of organics
rom solution on the molecular level at the buried copper/oil inter-
ace in-situ, as well as changes to the solid surface as corrosion
ccurs. It is thought that this combination of techniques can provide
 more complete picture of the corrosion and inhibition behaviour
n copper oxide in oil.
NR has successfully been applied to study aqueous corrosion
ystems through specialised electrochemical cells. Changes in fer-
ocene ﬁlms [16], adsorption of surfactant on gold [17] and the
xidation of titanium has been measured in this way [18,19]. The
xidation of nickel has also been investigated with chloride [20],
ith surfactants [21] and with sulphuric acid [22] in water. NR has
lso been used to determine the corrosion products of saline waterPlease cite this article in press as: R.J.L. Welbourn, et al., Corrosion and
investigated using neutron reﬂectometry and XPS, Corros. Sci. (2016), 
n aluminium under increased pressure [23] as well as the inhi-
ition of organic ligands deposited on thiol ﬁlms on aluminium
24]. PRESS
cience xxx (2016) xxx–xxx
2. Material and methods
2.1. Experimental materials
The technique of neutron reﬂection has been discussed in
greater detail elsewhere [25,26], with some technical details out-
lined below. For these measurements a thin layer of copper is used
as bulk copper exhibits low neutron transmission. Additionally, it
is difﬁcult to polish a copper surface to produce a suitably reﬂective
substrate. In this work the thin ﬁlm of Cu was  deposited onto Si by
electron beam deposition at 0.6 Å s−1 to produce a layer approx-
imately 20 nm thick. The Cu(II)-rich oxide surface was generated
and cleaned using a UV/ozone treatment. Subsequent characteri-
sation of the surface ﬁlm and its oxidation state were performed
by XPS, as outlined below. For the neutron reﬂection experiments
the substrate was  clamped against a PTFE trough to create a well
for the solutions. The trough has an inlet and outlet which allows
the solutions to be exchanged in-situ without opening the cell. All
measurements were carried out at room temperature.
For the initial visible observation tests, 10 × 10 × 1 mm coupons
from a pure copper sheet were used, with XPS analysis conﬁrming
no alloying metals were present. Before submersion the surfaces
were abraded with emery paper (800 grade) to remove surface
contamination. Some pieces were used as abraded and others
UV/ozone treated to provide a comparison. The coupons were
removed from the solution, rinsed with pure dodecane and dried
under vacuum to remove any residual liquid before introduction to
the XPS chamber.
The N-dodecane (anhydrous – 99.8%), 1-hexadecylamine
(98.1%), 1-hexadecanethiol (98.5%) and 1-hexadecanoic acid (98%)
were all purchased from Sigma Aldrich and used as supplied. The
d26-N-dodecane for neutron experiments was purchased from CK
Isotopes and was also used as supplied, with a deuteration of 98%
and purity of 97%. The elemental sulphur powder (99.9%) was
purchased from Sigma Aldrich and was  dissolved in the dode-
cane solutions to either 0.03 or 0.3 wt%  as detailed below. The
ethanol, acetone and neutracon for the cleaning tests were also
purchased from Sigma Aldrich and used as supplied. The neu-
tracon was diluted to a 1% solution in DI water as outlined by
the supplier. The 1-hexadecylamine, 1-hexadecanethiol and 1-
hexadecanoic acid solutions were made up to the concentrations
detailed in each results section by mass.
2.2. XPS experiments
The XPS measurements were carried out at the EPSRC NEXUS
facility at Newcastle University using a Thermo Scientiﬁc K-Alpha
XPS system. A monochromated Al K x-ray source provided a mea-
sured depth of approximately 10 nm,  under a vacuum of 10−7 mbar.
A spot of radius 400 m was  used, with a minimum of 3 spots per
sample.
For each spot a survey spectrum from 0 to 1350 eV was taken
with a 200 eV pass energy and 1 eV step size. At the regions of inter-
est for Cu, O, C, S and N, high resolution scans were taken using a
pass energy of 40 eV and 0.1 eV step size.
The results were analysed using the CasaXPS software (Casa
Software Ltd., Neal Fairley), with the spectra referenced to the
adventitious carbon C (1s) line set at 284.8 eV. Peak areas were cal-
culated using the Shirley background subtraction and the elemental
sensitivity factors within the software.
2.3. Neutron reﬂection (NR) experiments inhibition of copper in hydrocarbon solution on a molecular level
http://dx.doi.org/10.1016/j.corsci.2016.11.010
During a neutron reﬂectivity measurement at the solid-liquid
interface, the incident beam is transmitted through the solid (sil-
icon block) to the buried (copper and dodecane) interface. The
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Table  1
Relevant scattering length density (SLD) values for the systems within this paper.
Material SLD (×10−6) Å−2
Si/SiO2 2.07/3.4
Cu/CuO/Cu2O 6.55/6.47/5.36
h-dodecane −0.46
d26-dodecane 6.71
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Table 2
Percentage of surface composition carbon from XPS C 1p peak after varying surface
treatments.
Treatment C 1p (%)
As deposited 33–36
UV/ozone 10.3–14
Acetone 29
+UV/ozone 11
Neutracon 21
+UV/ozone 10
Table 3
Breakdown of the Cu(0)/Cu(I) and Cu(II) environments from the XPS Cu 2p peak
after various cleaning treatments. Cu(0) and Cu(I) is not separated in this analysis.
For reference the Cu2p peaks are characterised by Hashemi* [36], Galtayries$ [39]
and Chawla# [40] as: Cu(0) 932.9*/932.8$/932.6#; Cu2O 933.1*/932.8$; CuO 933.5$/#.
Cu(0)/Cu(I) Cu(II)
B.E. (eV) Area (%) B.E. (eV) Area (%)
Bare 932.37 47.36 933.39 52.64
trasts were used to help constrain the model ﬁt: h-dodecane,C16 amine −0.035
C16 thiol −0.35
pecular reﬂection signal is measured on a detector where the inci-
ent and reﬂected angles are equal. At each interface the beam is
ither reﬂected or transmitted depending on the neutron refractive
ndex at either side of the interface, the wavelength and the inci-
ent angle. The wavelength () and angle dependence () can be
inked using the wavevector transfer (Q) shown in Eq. (1).
z =
4 sin 

(1)
The refractive index is dependent on the elemental composi-
ion of the material. The related property, scattering length density
SLD), is generally used in neutron studies. The SLD is simply the
um of the scattering lengths (b) divided by the unit volume for all
omponents in the system. i.e. (in terms of the physical density (d),
elative formula mass (m)  and Avogadro constant (NA)):
LD = NAd
m
∑
i
bi (2)
When neutrons are scattered by an atom, they interact with
he nucleus, which means the scattering strength varies appar-
ntly randomly across the periodic table and even with isotope. This
s a powerful property for reﬂection studies: hydrogen-deuterium
xchange can be used to strongly alter the scattering without sig-
iﬁcantly altering the chemical interactions within the system.
everal contrasts of the same system can be measured, which can
e ﬁtted simultaneously to the same model to help constrain the ﬁt.
mportant SLDs for the systems measured here are given in Table 1.
The thickness of a layer at the surface is evident as interference
Kiessig) fringes in the data where the spacing of these fringes pro-
ides a measure of the thickness of the interfacial layers and the
epth of the fringe provides a measure of the difference in SLD.
It is usual to ﬁt the experimental data to a structural model. This
odel is generally constructed of a series of horizontal layers at the
nterface, which each have a thickness, SLD and roughness associ-
ted with them. In solid-liquid adsorption studies this approach can
ncompass adsorbed layers with a degree of solvation which pro-
uces a change in SLD. This layer SLD will also change as the bulk
ontrast (H-D) is varied. Comparison of the ﬁtted data with calcu-
ated SLD values can quantify the degree of solvation and/or layer
overage. Within this work Rascal (A. Hughes, ISIS) and GenX[27]
re used to ﬁt the data, using a Chi-squared optimisation. The gen-
rated SLD-thickness proﬁle can be used to determine the amount
f organic additive adsorbed at the surface, as well as to identify any
hanges in the underlying copper substrate. Errors in the ﬁt param-
ters are estimated using the “bootstrap” analysis within Rascal,
here a random resampling of the data is used to determine the
elative sensitivity of each parameter within the ﬁt.
Within this work, the NR measurements were carried out on the
NTER reﬂectometer at ISIS Neutron and Muon Source, UK. Three
ncident angles of 0.7, 1.2 and 2.3◦ were used for the d-dodecane
ontrast, and two (0.7 and 2.3◦) for the h-dodecane contrast. ThePlease cite this article in press as: R.J.L. Welbourn, et al., Corrosion and 
investigated using neutron reﬂectometry and XPS, Corros. Sci. (2016), 
hree data sets were then combined in Q, to provide the full Q-
ange of interest from the critical edge through to background using
ime-of-ﬂight analysis of the multi-wavelength pulse. Kinetic mea-UV/ozone 932.47 11.84 933.77 88.16
Acetone + UV/ozone 932.50 15.79 933.68 84.21
surements of the sulphur-induced corrosion were carried out at an
incident angle of 0.7◦ in 5 min  time slices.
3. Results and discussion
The adsorption and corrosion inhibition of 1-hexadecylamine,
1-hexadecanoic acid and 1-hexadecanethiol onto copper(II) oxide
are considered using visible observations, X-ray photoelectron
spectroscopy and neutron reﬂection.
3.1. Substrate characterisation
3.1.1. X-ray photoelectron spectroscopy (XPS):
For the neutron studies a thin ﬁlm of copper on a support (sili-
con wafer) was required, with minimal surface contamination. The
deposition was performed in vacuum, which helps to limit contam-
ination and further cleaning treatments were tested to determine
the best surface preparation in order to minimise surface organic
contamination. XPS was used to characterise these Si-Cu ﬁlm sub-
strates. The quantity of adventitious carbon was used here as a
measure of the substrate cleanliness. Tests were carried out with
a range of cleaning solutions: acetone, ethanol and neutracon, as
well as an additional UV/ozone treatment, which has previously
been shown to drive CuO formation [28]. Table 2 summarises the
amount of carbon found by XPS after each treatment as a percent-
age of the surface content, with high resolution scans of the C 1p
region showing only one carbon environment. The results indicate
that the as received deposited layers have a contribution of carbon,
suggesting some contamination. Solvent treatments all reduce the
level of carbon, but do not greatly enhance the cleaning of the sur-
face over a UV/ozone treatment alone. Therefore in this work the
samples for neutron reﬂection measurements were only cleaned
by UV/ozone, immediately prior to the measurements. High reso-
lution scans of the Cu 2p region indicate predominantly Cu(II) at
the surface (Table 3), as desired for these experiments.
3.1.2. Neutron reﬂection
During the neutron reﬂection experiments, the Si-Cu substrates
were ﬁrst characterised in pure N-dodecane. Three solvent con-inhibition of copper in hydrocarbon solution on a molecular level
http://dx.doi.org/10.1016/j.corsci.2016.11.010
d26-dodecane and a mixture contrast matched to Si (CMSi). The
resultant reﬂectivity proﬁles with model ﬁt are shown in Fig. 3,
, . The model ﬁt consists of 4 layers on the Si substrate: silicon
ARTICLE IN PRESSG ModelCS-6937; No. of Pages 10
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Fig. 1. (a) Visible changes of copper pieces in 0.03 wt%  S and 2 mM 1-hexadecanethiol (left) or 2 mM 1-hexadecanoic acid (right) after 3, 35, 75 and 335 min exposure. (b)
Final  discolouration of dry samples after exposure to 0.3 wt%  S with 2 mM of (left to right): 1-hexadecanoic acid, 1-hexadecanethiol, 1-hexadecylamine and unexposed for
comparison. Top right corner of each shows behaviour when scratched.
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pig. 2. Photographs of bulk copper coupons in n-dodecane with 2 mM 1-hexade
re-treatment of the surface.
xide, two copper oxide layers and copper hydroxide. The inner
opper oxide layer has a thickness of 192 ± 4 Å and an SLD of
.41 × 10 − 6 Å−2, which compares very well to a calculated value of
.47 × 10 − 6 Å−2 for bulk CuO. (Note that bulk Cu metal has a very
imilar SLD but the XPS measurements indicate that a signiﬁcant
ortion of this layer is in the Cu(II) oxidation state.) The outer part
f the oxide is only 25 ± 4 Å thick, with an SLD of 5.00 × 10−6 Å−2,
ndicating a gradation in density towards the surface.
The outermost “hydroxide” layer was ﬁtted with an SLD of
.3 × 10−6 Å−2 and thickness of 14 ± 1 Å. This SLD is consistent with
ither a hydroxide layer, or an outer portion of the oxide which
as a lower density than the bulk. Hydroxide layers have previ-
usly been reported on copper, under similar conditions to CuO
ormation [29–31]. Therefore it is reasonable to suggest that the
V/ozone treatment also induced this hydroxide layer. In XPS data,Please cite this article in press as: R.J.L. Welbourn, et al., Corrosion and
investigated using neutron reﬂectometry and XPS, Corros. Sci. (2016), 
t is generally reported that Cu(OH)2 can be identiﬁed by signals
round 934.6 eV for Cu 2p and 531 eV for O 1s. Within these sam-
les, an O 1s signal is found in this region but the higher Cu 2p peakine and 0.05 wt% elemental sulphur, with (left) and without (right) a UV/ozone
is not seen, however this would be difﬁcult to differentiate from
the main Cu(II) signal. However the asymmetry of the main peak
and ‘rounding’ of the satellite peak is typical of hydroxide pres-
ence. These results do not rule out a porous outer layer of oxide,
but it is consistent to assign this outer portion to hydroxide. The
thickness of this observed layer is also consistent with previously
reported hydroxide layers, with values between 19 and 33 Å found
with varying pH [31].
3.2. Visible observations
Fig. 1 shows representative examples of the gradual discoloura-
tion of solid copper coupons exposed to corrosive elemental
sulphur in dodecane at 0.03 wt% and 0.3 wt%. The Figure also inhibition of copper in hydrocarbon solution on a molecular level
http://dx.doi.org/10.1016/j.corsci.2016.11.010
shows the same system in the presence of 2 mM of 1-hexadecanoic
acid, 1-hexadecanethiol or 1-hexadecanoic acid additives at the
same sulphur concentration. There are clearly reaction and dis-
colouration at the surface in all cases, with variation in the visual
ARTICLE IN PRESSG ModelCS-6937; No. of Pages 10
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hig. 3. Neutron reﬂectivity curves of the bare copper-silicon substrate in d-dodecan
olid  lines (black) are model ﬁts to the data. The inset shows the corresponding SLD
n  the text. (For interpretation of the references to color in this ﬁgure legend, the re
ppearance for the different preparations (Fig. 1(b)). Based on the
olour change, all three alkyl additives slowed the corrosion rel-
tive to pure dodecane. We  conclude that the 1-hexadecylamine
howed the greatest resistance (least discolouration), followed by
-hexadecanoic acid then 1-hexadecanethiol. The thick, dark blue
ayer formed in 1-hexadecylamine was hard to scratch off with the
dge of a spatula, whereas this layer formed in hexadecanoic acid
ould be ﬂaked off. A paler blue layer formed in 1-hexadecanethiol
hich was also hard to scratch.
Similar samples were also considered where the copper coupons
ere treated with UV/ozone ﬁrst. This treatment is expected to
romote oxidation of the surface. The results are given in Fig. 2 for
opper coupons in 2 mM 1-hexadecylamine with 0.05 wt%  sulphur.
hese indicate that there was a much greater resistance to corrosion
ith this oxide surface. After 7 days, these UV treated samples also
ecame discoloured. This indicates that the nature of the copper
xide surface is important in the corrosion process.
.3. Additive adsorption
Firstly the adsorption of 1-hexadecylamine is considered.
ig. 4(a) shows the measured neutron reﬂectivity curves with
ncreasing concentrations (0.2, 0.8 and 2 mM)  of 1-hexadecylamine
n d26-dodecane, with the solid lines indicating the ﬁt to the data.
ig. 4(b) shows the resultant adsorption isotherm proﬁle generated
rom the thickness and percentage composition of the adsorbed
ayer at each concentration. Multiple dodecane contrasts were used
o help constrain the model ﬁt in particular cases. An example is
hown in Fig. 5 for 2 mM hexadecylamine, which indicates that the
tructural model is consistent with the experimental results from
- and d-dodecane ﬁtted simultaneously.
During the ﬁtting process the outermost portions of the copper-
ilicon substrate were allowed to vary in thickness and roughness,
ut all other sample parameters were ﬁxed from the character-
sation of the bare substrate with an additional surface layer of
dsorbed 1-hexadecylamine added to the model. The thickness,Please cite this article in press as: R.J.L. Welbourn, et al., Corrosion and 
investigated using neutron reﬂectometry and XPS, Corros. Sci. (2016), 
oughness and solvation of this organic layer were allowed to
ary within the ﬁt. As the concentration of 1-hexadecylamine was
ncreased, the amine layer became thicker and less solvated. At the
ighest measured concentration of 2 mM this layer was 23 ± 4 Å square), h-dodecane (blue open circles) and contrast matched to Si (green crosses).
le as a function of distance from the Si surface, with the different layers labelled as
s referred to the web version of this article.)
thick and 36% solvated. This increase was  accompanied by a reduc-
tion in the thickness of the hydroxide layer, becoming 9.7 Å at
2 mM,  alongside a reduction in roughness. At each concentration
the change in hydroxide layer appeared stable within the time-
frame of the experiment.
For reference, copper metal powder with a native oxide was
allowed to equilibrate with a 1-hexadecylamine-dodecane solution
(3 mM).  After three months the solution began to turn pale blue-
green. This observation is in agreement with the slight change in
hydroxide layer observed with neutron reﬂection. If Cu2O powder
was used instead then no colour change was observed. We  aim to
probe this variation in behaviour with the oxidation state in a future
study.
Similar neutron reﬂection measurements were carried out with
increasing concentration of 1-hexadecanethiol, as illustrated in
Fig. 6 which shows the reﬂectivity curves in h-dodecane for 0, 0.2
and 2.0 mM hexadecanethiol. In this case the data is consistent with
removal of the outer hydroxide layer: there is an increase in the
spacing of the fringes in this data as the hexadecanethiol concen-
tration is increased, which corresponds to a signiﬁcant decrease in
layer thickness. Due to the relative SLDs, this contrast is most sen-
sitive to the higher SLD copper oxide layer. Combining the different
solution contrasts, the best ﬁt was found with complete removal of
the hydroxide layer and a reduction in the CuO layer. At 2 mM hex-
adecanethiol this corresponds to a 180 Å thick copper metal layer
with an outer oxide region 14 Å thick (c.f. 192 Å and 25 Å during
initial characterisation for this substrate), and a hexadecanethiol
layer 25 Å thick which includes 17% solvation. Once more, this sur-
face structure was relatively stable with no further changes after
5 h.
The adsorbed 1-hexadecylamine layer corresponds to a sur-
face excess of 1.13 mg  m−2 (4.7 mol  m−2) or 35 Å2 per molecule.
1-Hexadecylamine is 21.8 Å in length when fully extended [32],
with a bulk density of 0.7821 g cm−3. The observed length of 23 Å
implies reasonably vertical orientation on the surface. 35 Å2 per
molecule suggests that the layer consists of organic molecules (aninhibition of copper in hydrocarbon solution on a molecular level
http://dx.doi.org/10.1016/j.corsci.2016.11.010
area per molecule of approximately 24 Å2) with around 70% pack-
ing efﬁciency. Cu–Cu closest distances are reported as 3.0 and 2.9 Å
respectively for Cu and CuO. Given that the measured surface area
per amine suggests a spacing of approximately 5.9 Å on the surface,
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Fig. 4. (a) Neutron reﬂectivity curves and model ﬁts (solid black lines) for increasing concentrations of 1-hexadecylamine at the Si-Cu interface with d-dodecane. Curves
have  been offset in the y-direction for clarity. Red square = 0.2 mM;  Blue open circle = 0.8 mM;  Green crosses = 2.0 mM.  (b) The resultant adsorption isotherm proﬁle from the
NR  model ﬁts. Line is a guide to the eye. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 5. Neutron reﬂectivity curve and SLD proﬁle for simultaneously ﬁtted multiple contrasts. This shows 2.0 mM hexadecylamine on copper from d-dodecane (red square) and
h-dodecane (blue open circle). The black line shows the model ﬁt. The inset shows the SLD proﬁle with distance from the Si surface, with the hydration of the hexadecylamine
layer  shown in the SLD proﬁles. Reﬂectivity curves have been off-set in the y-direction for clarity. (For interpretation of the references to color in this ﬁgure legend, the reader
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ws  referred to the web version of this article.)
his suggests a binding to every other Cu group on the surface. A
revious study of this additive on iron by a range of techniques,
ncluding neutron reﬂection, has shown a layer between 16 and
0 Å thick, and a surface excess of 3–5 mol  m−2 [33], in reasonable
greement with these results on copper.
The equivalent structural parameters for the 1-hexadecanethiol
ayer were found to be 1.74 mg  m−2 or 24.6 Å2 per molecule, which
s essentially a close-packed layer on the copper surface. The
xtended hexadecanethiol has previously been reported as 23.1 Å
n length [34], with adsorbed layers of 20.6 Å [34] and 24.5 Å [35]Please cite this article in press as: R.J.L. Welbourn, et al., Corrosion and
investigated using neutron reﬂectometry and XPS, Corros. Sci. (2016), 
nto gold and silver respectively. This is in reasonable agreement
ith the observations here, with a vertical, well-packed layer.3.4. Sulphur-induced corrosion
A mixture of additive, d-dodecane and elemental sulphur were
then added onto each substrate and a series of 5 min kinetic runs
were measured. In the presence of 2 mM 1-hexadecylamine and
0.036 wt% sulphur there was no signiﬁcant change in the reﬂec-
tivity proﬁle up to 960 min  exposure time to sulphur, with the
same structural model providing a good ﬁt to the reﬂectivity data.
This indicates an effective corrosion protection of the copper by
1-hexadecylamine. inhibition of copper in hydrocarbon solution on a molecular level
http://dx.doi.org/10.1016/j.corsci.2016.11.010
In contrast, Fig. 7 shows the equivalent reﬂectivity curves for
2 mM hexadecanethiol in d-dodecane with 0.047 wt% sulphur,
alongside the reﬂectivity data from the substrate before and after
ARTICLE IN PRESSG ModelCS-6937; No. of Pages 10
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Fig. 6. Neutron reﬂectivity curves in h-dodecane with increasing concentration of 1-hexadecanethiol: 0 mM (red squares), 0.2 mM (blue open circles) and 2 mM (green
crosses). The curves are offset in the y-direction for clarity. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this
article.)
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sig. 7. Reﬂectivity curves with 2.0 mM hexadecanethiol and 0.047 wt% sulphur in:
ach  curve displaced in the y-direction. (b) h-dodecane before (red crosses) and aft
his  ﬁgure legend, the reader is referred to the web  version of this article.)
ulphur exposure in h-dodecane. There are some changes after
 min  exposure and signiﬁcant changes after 10 min, with a loss
f the fringes, as well as a pronounced sloping of the critical edge.
hese features indicate a severe loss of copper material alongside
 roughening of the surface with time. The loss in contrast within
he fringes also suggests a loss of some of the adsorbed thiol layer.
There are visible changes in the copper-silicon substrates
hich support the neutron observations: the 1-hexadecylamine
ubstrate remains visually unchanged after sulphur treatment,
hereas signiﬁcant corrosion of the 1-hexadecanethiol substrate
s observed. Fig. 8 shows a series of SEM images of the corroded
exadecanethiol-coated surface. The images include small lumps
r crystals. EDX analysis identiﬁes only the presence of Cu, C, S and
i within these images, suggesting the small ‘crystals’ observed on
he surface are Cu2S.
XPS measurements of these treated substrates were also carried
ut post-neutron reﬂection experiment. A simple 2–3 peak ﬁt was
pplied to the Cu measurements to provide an order of magnitudePlease cite this article in press as: R.J.L. Welbourn, et al., Corrosion and 
investigated using neutron reﬂectometry and XPS, Corros. Sci. (2016), 
stimate for the amounts of the different Cu environments present.
he 1-hexadecylamine substrate showed around 78% Cu(II) vs. Cu(I
r 0), which is slightly decreased relative to the UV/ozoned Si-Cu
ample (88%) before treatment. There was little change within thedodecane (top-bottom: pre-S, 10 min  exposure, 15 min, 35 min  and 475 min) with
e circles) exposure (not displaced). (For interpretation of the references to color in
O 1s data and no S peak were observed. All this suggests rather
little corrosion, in good agreement with the neutron results and
visible observations. The N 1s XPS data showed two environments
at 399.7 eV and 406.4 eV, with an approximate 3:1 ratio by area.
The ﬁrst peak suggests surface binding through the N lone-pair to
Cu(II) in a ‘RNH2’-type environment (although the reported differ-
ence between Cu(I)-N and Cu(II)-N is very small) [36]. The second
peak suggests ‘N O’-type binding to Cu(I) [37] or N2O adsorption
[38]. These observations could be due to a mixed oxide surface or
the relative spacing of the surface Cu and O atoms compared to
the optimum 1-hexadecylamine packing, producing two  ‘types’ of
binding. A similar result has previously been found for adsorption
of hexadecylamine onto iron [33].
The XPS data from the 1-hexadecanethiol sample shows only
one Cu environment. From the Cu 2p and Cu LMM  regions, this is
predominantly Cu(I) with a small amount of Cu(0), which is con-
sistent with the loss of Cu(II) observed by neutron reﬂection. The O
1s also correspondingly becomes only one environment. The S 2pinhibition of copper in hydrocarbon solution on a molecular level
http://dx.doi.org/10.1016/j.corsci.2016.11.010
region shows a series of peaks at approximately 161.64 eV (27%),
162.48 eV (24%) and 163.32 eV (49%) in binding energy. It is difﬁcult
to fully distinguish and assign these peaks, but literature suggests
that these correspond to copper sulphide and elemental sulphur
ARTICLE IN PRESSG ModelCS-6937; No. of Pages 10
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adeca
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iFig. 8. Series of SEM images of the Si-Cu substrate after exposure to 2 mM 1-hex
39,40]. Varying amounts of Si were found across the surface within
he survey spectrum, totalling up to 17% of the survey signal, con-
rming signiﬁcant amounts of copper were lost from the surface
eading to exposure of the underlying Si. Within the survey spec-
rum only Cu, O, S and Si were observed indicating Cu2O or Cu2S onPlease cite this article in press as: R.J.L. Welbourn, et al., Corrosion and
investigated using neutron reﬂectometry and XPS, Corros. Sci. (2016), 
he surface. The high resolution spectra showed no signiﬁcant CuO
r Cu remaining, in good agreement with the EDX analysis.
Several other studies have also found a drive towards Cu(I)
n the presence of thiol, alongside an O S replacement mecha-nethiol and 0.047 wt% sulphur, with increasing magniﬁcation of the same area.
nism [5,10,39,41,42]. It has been reported that this Cu-reduction
occurs via formation of the di-sulphide species, before adsorption
of the mono-sulphide [28,42]. When the desorption of thiol SAMs
using heat was considered, the thiol was found to oxidise to a
sulphate species with cleavage of the C S bond, before removal inhibition of copper in hydrocarbon solution on a molecular level
http://dx.doi.org/10.1016/j.corsci.2016.11.010
from the surface [41,42]. This previous work also reports only
Cu2O after adsorption, even if CuO was present beforehand. This
is supported by Whelan et al. [10] who  found that a layer of
Cu/Cu2O (2.5 nm)/CuO (3.9 nm)  before addition becomes Cu/Cu2O
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0.3 nm)/C10 (1.8 nm)  after thiol exposure. Luo et al. [5] also found
hat elemental S in oil alters the surface to show only Cu2S, with
o Cu2O. Finally Galtayries et al. [39] found that the S O XPS peak
as lost on exposure of copper oxide to H2S, with Cu(II) reduced
o Cu(I). They suggest an O S replacement mechanism with for-
ation of sulphate. These are all consistent with the observations
ere.
The combination of removal of the Cu(II) with hexadecanethiol
nd protection of the surface by hexadecylamine suggest that the
u(II) is important in helping to protect the copper ﬁlm from sul-
hur corrosion. It also suggests that the corrosion protection is not
imply due to the formation of an organic “barrier” to corrosion as
he adsorbed hexadecylamine layer is less complete than the hex-
decanethiol. Instead there is speciﬁc blocking of the most reactive
ites. In the case of the hexadecanethiol layer is it hypothesised that
he relatively small sulphur atoms were able to penetrate the rela-
ively dense adsorbed layer to reach the copper surface. This then
ed to a disruption of the previously stable system.
. Conclusions
The comparison of the adsorption of 1-hexadecylamine and
-hexadecanethiol onto a copper(II) oxide-rich copper ﬁlm from N-
odecane has been measured using simple submersion tests, XPS
nd neutron reﬂection. The inhibition ability of these organic addi-
ives towards sulphur corrosion was then investigated. From these
xperiments and the discussed results, the following conclusions
re drawn:
. A CuO-rich surface can be induced in a thin ﬁlm of copper on
silicon using a UV/ozone treatment.
. Hexadecylamine adsorbs as a monolayer onto this CuO-rich sur-
face with a mostly vertical orientation. The hexadecanethiol
forms a similar layer on the surface but partially removes the
outer CuO in the process, with the amount removed dependent
on the thiol concentration. This is linked to a reduction of Cu(II) to
Cu(I) and Cu(0) shown by the XPS data, and previously observed
in similar systems. The adsorbed hexadecanethiol layer is also
more dense than that of the hexadecylamine.
. When exposed to a corrosive sulphur solution, the hexadecy-
lamine provides a good corrosion resistance with no change in
reﬂectivity observed within the timescale of the experiment.
This is supported by visible observations, SEM and XPS. How-
ever, when the hexadecanethiol sample is exposed to corrosive
sulphur it does not offer a good resistance, with signiﬁcant
roughening of the surface within 15 min  of addition. The reﬂec-
tivity result is again supported by visible observation, SEM and
XPS, which indicate formation of Cu2S on the surface. Therefore
although the adsorbed hexadecylamine layer was not as ‘per-
fect’ as the hexadecanethiol layer, it still enabled better corrosion
protection.
. Given the observed differences, it is proposed that the corro-
sion inhibition cannot be simply considered as formation of an
organic barrier. The relative stability of the hexadecylamine layer
is likely a combination of speciﬁc blocking of the reactive surface
sites alongside the importance of the Cu(II) surface groups.
undingPlease cite this article in press as: R.J.L. Welbourn, et al., Corrosion and 
investigated using neutron reﬂectometry and XPS, Corros. Sci. (2016), 
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